This paper presents a stable isotope chemistry of bone collagen and carbonate. Bone carbonate has the potential to provide additional isotopic information. However, it remains controversial as to whether archaeological bone carbonate retains its original biogenic signature. I used a novel application of bone density fractionation and checked the integrity of δ
Introduction
Human bones are consistently being discovered from archaeological sites and are an invaluable source for reconstructing the palaeodiet, palaeoenvironment and other archaeological information. The assumption on the basis of stable isotope analysis is that ' we are what we eat'. In other words, the isotopic composition of tissue is expected to be a direct and constant function of diet 1 . However, it is necessary to consider the actual shift between the consumer tissues and the diet, where a systematic difference exists but is not well defined. Until recently, palaeodietary studies mainly focused on bone collagen. However, bone collagen carbon itself presents limits when seeking to reconstruct a palaeodiet, as it is mainly derived from dietary protein sources.
1,2 Therefore, if we can recover the biogenic signal from bone carbonate, this would have the potential to resolve ambiguities in the interpretation of collagen carbon isotopes. There are two main advantages of using bone collagen and bone carbonate together: that is, the different dietary information and the different survival period in the burial environment.
First, the types of dietary information derived from bone collagen and bone apatite carbonate are known to be different. The current consensus regarding dietary information from bone is based on the results of two well-known controlled animal feeding experiments which showed that; bone collagen delta carbon values (δ 13 C col ) are mainly routed from dietary protein, while the δ 13 C in bone apatite carbonate (δ 13 C apa ) reflects the overall diet, i.e., proteins, carbohydrates and lipids. 1, 2 The experiments were carried out with various types of diets in the proportions of C 3 -and C 4 -based plant and animal fractions, using rats 1 and mice 2 as a test species. Recently, Jim et al. 3 supported these early results in an isotopically controlled feeding experiment using rats with varying percentages of C 3 , C 4 , and marine macronutrients. According to these studies, the δ
13
C value of collagen is poorly correlated to that of the overall diet when protein and non-protein resources have significantly different δ
C values. On the other hand, δ
C values of collagen are fairly well correlated with that of the overall diet when protein and non-protein resources have similar δ
C values. Therefore, collagen δ
C is expected to reflect dietary protein if the carbon atoms from the protein portions of the diet are preferentially routed to collagen. A minimum amount of the routing of dietary carbon to bone collagen is considered to rely on the relative proportions of essential amino acids to non-essential amino acids. [3] [4] [5] Collagen is composed of 17.8% of carbon atoms from essential amino acids and 1.5% of carbon atoms from non-essential amino acids that can be only synthesized from essential amino acid precursors, although higher amounts of routing can be expected when the conservation of energy is adaptive.
6,7
Furthermore, the extent to which protein is routed to collagen may vary with dietary adequacy, and bone collagen and carbonate isotopic differences may help to trace the nature of dietary protein sources.
7
On the other hand, the δ
13
C of bone carbonate is expected to represent the overall diet derived from the total metabolic carbon pool in a metabolic steady-state. 4, 8 This is based on the assumption that nearly all inputted carbon atoms leave the body as respired CO 2 from the lungs in a metabolic steady state. If respired CO 2 is in isotopic equilibrium with dissolved inorganic carbon in blood (blood DIC hereafter, CO 2 , H 2 CO 3 , HCO 3 − , and CO 3 2− ) and if blood DIC is also in isotopic equilibrium with apatite carbonate, then the δ 13 C value of bone carbonate will reflect that of the whole diet, being generated by fats, carbohydrates and protein meta-bolism.
3,9,10 However, it is still controversial as to whether δ 13 C apa depends on the dietary or metabolic influences and to what extent each factor affects the δ
C apa values. In addition, the bone carbonate issue is highly relevant to bone diagenesis.
Secondly, bone carbonate can extend palaeodietary research further into the past because the mineral phase of the bone lasts much longer than the organic phase.
11 Although there is a report of collagen survival up to 70 Ka in cool central Europe, 12 collagen is susceptible to hydrolyze, denature and dissolve away over a millennial time-scale. 13 On the other hand, the mineral component of bone tends to survive longer than collagen due to fossilization process. This offers the potential to recover isotopic information either from a tropical environment in which the preservation state of bone is very poor 14 or from very ancient material with no organic phase left, which extends up to millions of years (3 Ma).
Finally, it is essential to understand the isotopic relationship between dietary input and body tissue which is recomposed and incorporated by metabolism. It was reported that the diet-to-collagen carbon isotopic enrichment is about +5‰, whereas that of the nitrogen isotope is around +3-5‰ in each case stepwise from plants, herbivores, omnivores to carnivores.
1 On the other hand, diet-to-apatite carbonate carbon isotopic enrichment was reported as being 9.4‰, although that of ruminants was reported as being around 12-14‰, whereas that of non-methanogenic animals is about 9‰.
15-17
Therefore, additional isotopic information can be obtained from bone collagen and apatite carbonate together, compared to the results produced by collagen itself, because the δ 13 C value of bone carbonate neither overestimates-nor underestimates the proportions of carbon atoms from dietary components.
3 For example, the isotopic analysis of collagen may over-represent a δ 13 C enriched marine diet, and may also under-represent δ
13
C enriched plant foods such as maize.
18
In this paper, the stable isotope chemistry of bone collagen was used to reconstruct the Iron Age diet at Roughground farm, in Lechlade in Gloucestershire, UK. In addition, bone carbonate was applied to obtain additional isotopic information. However, it is still controversial as to whether archaeological bone apatite carbonate retains its original biogenic signature. During the last two decades, considerable effort has been made to improve the reliability of bone carbonate. Some researchers argue that it is difficult for bone carbonate to retain its biogenic signal due to its susceptibility to diagenesis. 19, 20 On the other hand, other researchers maintain that it is possible to use the δ
13
C values of bone carbonate after a pretreatment method that removes diagenetic carbonate, although the pretreatment method itself is a subject of wide debate. 7, 21 In this research, I combined the conventional differential dissolution method, which is based on the solubility differences between biogenic and diagenetic carbonate, with the novel application of bone density fractionation, where heavier bone density is mainly caused by exogenous mineralization of microbacterial attack after burial. Furthermore, radiocarbon dating was chosen to check the integrity of δ
C apa values. The 14 C dating of bone collagen and bone carbonate from the same individual was compared.
Experimental Section
Materials. Archaeological human and animal bones were sampled from Roughground Farm in Lechlade, UK, as provided by Ashmolean Museum, Oxford. Roughground Farm is located in an area of well-drained second terrace gravel between the rivers Leach and Thames, just north of Lechlade (see Figure 1 ). This area of gravel is close to several rivers; the Coln and the Leach running into the Thames from the Cotswolds region to the north, and the river Cole from the Corallian Ridge to the south.
22
Human and animal remains were sampled from Iron Age burials, where Iron Age pit groups reflect an arable economy and occupation and which include posthole groups and burials. Freezer/Mill, USA), bone collagen was extracted by demineralization in 0.5 M aqueous HCl, with gelatinization of the insoluble material at pH 3 for 48 hours at 75 o C and subsequent lyophilization of the filtrate, using standard procedures.
18 A 3-mg aliquot of the product was then combusted in a continuous-flow isotope ratio mass spectrometer (Carlo Erba carbon and nitrogen elemental analyzer coupled to a Europa Geo 20/20 mass spectrometer) with CO 2 , H 2 O and N 2 and measured for C/N, δ raised the importance of milling to an osteonal scale in order to separate the younger and older populations of osteons. While the Spex freezer mill may show lower sensitivity to fractionate at the osteonal scale, its cost and time effectiveness enabled us to obtain two bulk groups of heavier and lower density fractions. The density fractions were then collected by centrifugation after differential flotation in a sequence mixtures of increasing density of bromoform and methanol (8-10 mL was added to centrifuge tube) with densities of 2.0, 2.1, 2.2, 2.4, and 2.6 g/cm 3 . Density fractions are expressed in the form of ≤ 1.8, which means that: ≤ 1.8 (lighter than 1.8 g/cm
). Each fraction was rinsed three times with deionized water and freeze dried under vacuum for 48 hours. The density ranges of human and animal bones were slightly different, but the main issue was to separate the roughly heavier and lighter density ranges, rather than to obtain specific density ranges.
Bone Carbonate Pretreatment and Stable Isotope Analysis. Bulk bone and density-fractionated bone samples were treated with 5% NaOCl for 24 hours to remove the organic fractions. Each sample (0.04 mL solution/mg sample) was then washed with deionized water three times and soaked in 0.1 M acetic acid for 4 hours. A mild condition of soaking in 0.1 M acetic acid for 4 hours was applied, as more dilute solutions and lower solution acidity are recommended to decrease the risk of treatment-induced sample recrystallization. After the samples were rinsed with deionized water three times, each sample was freeze-dried. Finally, the pretreated samples were analyzed for δ
13
C apa at the Department of Earth Sciences, University of Oxford. Samples of fine-grained carbonate were analyzed using a VG Isogas Prism II mass spectrometer with an on-line VG Isocarb common acid bath preparation system, and the CO 2 that was generated was continuously removed during the reaction using a liquid nitrogen cold finger. In the instrument, they were reacted for 10 minutes with purified 100% phosphoric acid (H 3 PO 4 ) to produce CO 2 at 90 o C. 19 Calibration to the VPDB standard via NBS-19 (IAEA NBS-19, Carbonate) was conducted daily using the Oxford in-house (NOCZ) Carrara marble standard. The analytical precision is usually better than 0.1‰ for δ 13 C. A triplicate measurement was carried out for each sample and marble calcite standard (IAEA C2).
Radiocarbon Dating. Extracted bone collagen and pretreated bone apatite powder (460 mg) were each reacted in a sealed tube with 100% H 3 PO 4 (25 o C) to produce CO 2 , respectively. The CO 2 gas was then analyzed for 14 C dating using accelerator mass spectrometry (AMS) at the University of Oxford.
Results and Discussion
Stable Isotope Measurement. All stable isotope results derived were summarized in Ccol vs. δ 1 5 Ncol from Roughground Farm. Ccol vs. δ 1 3 Capa from Roughground Farm. [15] [16] [17] where the larger isotopic spacing was reported in ruminants in comparison with the non-methanogenic animals.
On the other hand, the human δ
13
C col values were ranged between -20.16 and -19.61‰, and δ 13 C apa showed a range from -11.49 to -10.00‰. The δ
15
N values from human bone collagen ranged from 9.04 to 11.26‰. As noted before, the diet-to-collagen carbon isotopic enrichment is about +5‰, whereas that of the nitrogen isotope is around +3-5‰ in each case stepwise from plants, herbivores, omnivores to carnivores.
1 The average δ 15 N values of humans were 10.31‰, which represents a 3.14‰ enrichment from cattle, 3.55‰ from horses, 2.91‰ from sheep, 1.60‰ from pigs and 0.02‰ depletion compared to dogs. Therefore, the stable carbon and nitrogen isotopic results of human bone collagen implies mainly a C 3 -based diet with consumption of cattle, horse, sheep and pig as possible dietary sources in the Iron Age Roughground Farm site in Lechlade.
In this research, I applied widely used bone collagen as well as bone apatite carbonate in order to retrieve additional dietary information. However, it is still controversial to use the bulk values of bone carbonate because it is susceptible to diagenesis, and extremely difficult to remove diagenetic carbonate completely, and also there is no reliable method for checking validity. In this study, I combined the conventional differential dissolution method, which is based on the solubility differences between biogenic and diagenetic carbonate, with the novel application of bone density fractionation, where heavier bone density is mainly caused by exogenous mineralization of microbacterial attack after burial. Density fractionation combined with differential dissolution methods, was applied in an effort to overcome the severe diagenesis of bulk carbonate by removing the diagenetically altered bone carbonate. Figure 4 shows the different density fractions for bone carbonate versus the δ 15 N values. The lighter density fraction, likely to be a diagenetically less altered fraction, tends to show lower Δ
13
C apa-col values. However, there is a clear and notable difference between each density fraction from the same sample, ranging from 0.55‰ (LC10) to 4.29‰ (LC11). Samples were taken from different skeletal elements: that is, LC10 (humerus), LC11 (tibia), LP8 (ulna), LS16 (tibia), LH15 (femur) and LH16 (femur); however, no specific features were found among them regarding their appearance and their diagenetic differences. It is worth noting that there was a significant shift from heavier (a more diagenetically altered fraction) to lighter (a less diagenetically altered fraction) density fractions, which is considered as a diagenetic influence, finally resulting in lower Δ
C apa-col values. If we assume that all bulk carbonate values were lowered by maximum changes due to density fractionation, 4.29‰ in cattle, 0.18‰ in pig, 1.33‰ in sheep and 1.45‰ in human, this may have fundamentally affected the overall pattern of the bulk values, with the final result being lower Δ
C apa-col spacing values. This shows the potential bias in the pretreatment method for bone carbonate and considerable shifting in Δ
C apa-col spacing within species, which can deeply affect the interpretation of the Δ
C apa-col and δ 15 N trophic levels.
Radiocarbon Dating (Validity Test of δ
C apa ). Radiocarbon dating was chosen to check the integrity of δ
C apa values. Thus, the 14 C dating of bone collagen and bone carbonate from the same individual was compared. Table 3 summarizes the 14 C results in pMC, while Figure 5 illustrates the 14 C values for bone collagen and the different fractions of bone carbonate. The percentage of contamination was calculated using collagen
14 C values as a true value and the contaminants were assumed to be 100pMC. Figure 5 presents the 14 C dates versus δ
C apa values for different density fractions. The LP8 result shows a higher percentage of contamination for the lighter fraction (11.68%) in comparison with the heavier fraction (9.42%) in the 14 C results, and also indicates higher δ 13 C apa values in lighter density fraction. The LS16 result also presents a higher percentage of contamination in the lighter fraction, however, the lighter fraction shows lower δ 13 C apa values (−10.85‰) than the heavier one (−9.94‰). Radiocarbon dates for bone apatite carbonate always tend to be more than average 7.57% modern contamination in comparison with the collagen 14 C values, whether it is a heavier or lighter density fraction. It is surprising that even the lighter density fraction shows highly unreliable values. This may imply that there is still further work to do regarding obtaining reliable δ 13 Capa Figure 4 . Plot of 1 3 Capa-col vs. δ 1 5 N values for bulk and different density fractions. *The arrow indicates the movement from heavier to lighter density fractions. C results by removing diagenetic carbonate. The combined use of differential dissolution and density fractionation was subsequently proposed as an improved pretreatment, whereas recent studies of bone carbonate by other researchers used only the differential dissolution method, where the pretreatment method itself is a subject of wide debate. The δ
C apa values after the treatment were lowered by a large amount, finally causing a considerable shift in the Δ
C apa-col values, which may have had an effect on interpretation of Δ 13 C apa-col and δ
15
N trophic levels. Finally, even with the improved δ
13
C apa values in the lighter density fractions, a large percentage of contamination in bone carbonate was noted in the 14 C dating results, compared to bone collagen.
Conclusion
This study showed the stable isotope chemistry of Roughground Farm on the basis of bone collagen and carbonate results. Bone collagen and carbonate provides different types of information pertaining to dietary nutrients and their survival in a burial environment as well as diet-to-tissue isotopic enrichment. Although bone carbonate is important in palaeodietary studies, there is some debate as to its reliability due to the difficulty of removing diagenetic carbonate and the lack of any suitable test for validity. The differential dissolution method, which is based on the solubility differences between biogenic and diagenetic carbonate, was applied here in conjunction with a novel density fractionation method, in which a heavier density fraction implies a more diagenetically altered fraction due to exogenous mineralization in a burial condition. Overall, the carbon and nitrogen isotope results imply mainly a C 3 -based diet with consumption of cattle, horse, sheep and pig as possible dietary sources in the Iron Age Roughground Farm site in Lechlade. However, diagenesis in archaeological bone carbonate remains to be resolved to extract biogenic information. The combined use of bone density fractionation and the differential dissolution method showed a large shift in δ
13
C apa values. If we assume that all bulk carbonate values are lowered by maximum changes by density fractionation, 4.29‰ in cattle, 0.18‰ in pig, 1.33‰ in sheep and 1.45‰ in human, it can have a considerable effect on the overall pattern of the bulk δ 13 C apa values. Although the δ
C apa values are improved in lighter density fractions, a large percentage of contamination in bone carbonate was reported in the 14 C dates, compared to the bone collagen results.
